Among diseases caused by pathogens vectored by mosquitoes, malaria causes the largest burden, with a global estimate of more than 200 million cases and 400,000 deaths per year. Anopheles mosquitoes are the vectors of Plasmodium parasites, including species of the Anopheles hyrcanus group (Fotakis et al. 2017 , Rueda et al. 2006 , Djadid et al. 2009 ). Owing to the unclear systematic status, the exact number of closely related species in this group is uncertain, ranging from at least 25 (Harbach 2013 , Fang et al. 2017 , to 27 (Ponçon et al. 2008) or 30 (Harbach 1994 , Khrabrova et al. 2015 . While the majority of the Hyrcanus Group members are distributed in the Eastern Palearctic and Oriental regions (Ponçon et al. 2008 ) with great species diversity, only two members have been recorded in central and southern Europe, namely An. hyrcanus and An. pseudopictus. Recently published studies and identification keys are controversial, referring to these two taxa either as separate (e.g., Darsie and Samanidou 1997, Nikookar et al. 2016) or single species (Schaffner et al. 2001) .
Morphological identification of mosquitoes is based on the observation of homologous morphological characters, utilized to determine taxonomy and evaluate the relationships among species (Becker et al. 2010) . Morphology-based taxonomy should be based on an understanding of the development and function of a particular character (Borkent 2018) and can be further verified by molecular techniques. In particular, nuclear and mitochondrial loci, such as the 28S nuclear rDNA domain-2 (28S) and the mitochondrial cytochrome oxidase I (COI) and NADPH dehydrogenase subunit 4 (ND4) genes serve as reliable markers for species resolution due to their conserved intra-species nature (Nei and Kumar 2000) .
The only morphological difference between the taxa An. hyrcanus and An. pseudopictus is a chromatic variation in the tarsomere IV of the hind legs (Figure 1 ), while there also exists an intermediate form that carries white basal and apical bands separated by a black median area (Ponçon et al. 2008) . Hence, the main objective of the present study was to evaluate the genetic relation of the two taxa by a multilocus mitochondrial and nuclear approach. In order to clarify their taxonomic status, we analyzed eastern Mediterranean and central European specimens originating from 3 different countries, in comparison with haplotypes obtained from GenBank based on both nuclear (28S domain-2) and mitochondrial (COI and ND4) loci.
In total, 450 mosquito specimens were examined, collected during the summer periods of 2016 and 2017 in northern Greece (Central Macedonia, Eastern Macedonia, and Thrace), 2002 in southern France, and 2014 in the Czech Republic using mainly CDC light traps baited with CO 2 . The initial assignment to genus and group was conducted morphologically using the identification keys of Schaffner et al. (2001) and for An. hyrcanus or An. pseudopictus with the identification keys of Becker et al. (2010) . The specimens that were included in the molecular analysis were preserved in a freezer or in 99% ethanol at room temperature. Isolation of DNA was performed using the KAPA Express Extract Kit (KAPA BIOSYSTEMS) and its quantity and quality was assessed in a Shimadzu BioSpec-nano spectrophotometer (Shimadzu, Japan). All amplifications were performed in total volumes of 20 μl containing approximately 50-100 ng template DNA, 10 μl 2x MyTaq Mix (Bioline Reagents Ltd), 0.6 pmol of each primer, and ddH 2 O up to 20 μl. The primer pairs used were LCO1490 and HCO2198 (Folmer et al. 1994) for the COI gene, 28S-D2-F and 28S-D2-R for the 28S domain-2 (Campbell et al. 1993) , and ND4c and ND4ar for the ND4 gene (Soto et al. 2001) . PCRs were carried out at 95° C for 3 min, followed by 35 cycles of 94° C for 45 s, 48° C (COI) or 56° C (28S) or 52° C (ND4) for 1 min, 72° C for 1 min, and a final extension step at 72° C for 8 min. Amplicons were initially checked in 1% agarose gels stained with EtBr after electrophoresis and were then cleaned up using the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Germany). Purified amplicons were sequenced in both directions using both forward and reverse primers in an ABI3730xl automatic sequencer at CeMIA SA (Greece).
Reading, editing, and construction of aligned datasets was performed by the software Clustal W implemented in MEGA 6 (Tamura et al. 2013) . Potential detection of frame-shift mutations and premature stop-codons that may indicate the presence of pseudogenes was tested by the translation of the sequences into amino acids using MEGA 6. Blast searches in NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) indicated homologous sequences from other members of the Hyrcanus Group that were retrieved from the GenBank database and were included in the datasets. Pairwise sequence divergence was estimated using Kimura's 2-parameter (K2P) in MEGA 6.
Among the 450 specimens examined, the chromatic discrepancy in the tarsomere IV of hindleg (Figure 1 ) was only observed in three specimens from northern Greece, which were consequently identified as An. hyrcanus type. The intermediate form ( Figure 1B ) was observed in solely one specimen from northern Greece, demonstrating that An. pseudopictus is by far the most dominant morphological type of the Hyrcanus Group in central Europe and eastern Mediterranean.
In total, 40 mosquito specimens were included in the molecular analyses: 24 specimens from Greece, eight specimens from France, and eight specimens from the Czech Republic. The final alignments comprised 577 base pairs (bp), 625 bp and 622 bp, for the 28S, the COI, and the ND4 genes, respectively. Generated haplotypes were deposited in the GenBank database under the accession numbers MG761796-MG761814 (Table 1) . To the best of our knowledge, MG761807-MG761814 haplotypes constitute the first described sequences for the ND4 gene for both An. hyrcanus and An. pseudopictus, whereas all haplotypes of the COI and 28S from Greece and the Czech Republic were the first ones for any member of the Hyrcanus Group described from these countries.
Overall, the mean genetic distance among the newly defined haplotypes ranged from 0 to 0.004, indicating very low levels of genetic variability. One unique haplotype was derived from all Greek, Czech, and French samples at the 28S locus, for both An. hycanus and An. pseudopictus, as well as the intermediate morphological type. This haplotype was also identical with a sequence from Austria obtained from Genbank (KC434087), indicating complete absence of genetic variation among European samples at the 28S locus. The only case of genetic variation at the 28S locus was observed among European specimens and a haplotype from China (pairwise genetic distance 0.006, Table 1), providing evidence for greater differentiation by distance than interspecific genetic subdivision.
Four and six haplotypes were observed at the mitochondrial COI and ND4 genes, respectively. Nevertheless, An. hyrcanus was genetically identical with some specimens of An. pseudopictus in both mitochondrial genes, whereas very low genetic distance was observed among different An. pseudopictus specimens (Table 1) . Intraspecific genetic distance ranged between 0.000 and 0.014 among European samples or between 0.002 and 0.011 in comparison with Asian haplotypes for the COI gene and between 0.000 and 0.006 regarding the ND4 gene (Table 1) . In both mitochondrial markers, similar to the nuclear 28S marker, interspecific genetic differentiation was lower than genetic differentiation between geographically distant specimens ( Figure  2) .
The current study presents the first genetic comparison of An. hyrcanus and An. pseudopictus from Greece and the Czech Republic, as well as the first analysis of the ND4 gene in these two taxa globally. Our results are in agreement with previous studies comparing the genetic structure of these two taxa from other regions that found very low or no genetic differentiation (Ponçon et al. 2008 , Fang et al. 2017 ). The ribosomal DNA has been generally proven extremely useful for distinguishing members of Anopheles species complexes, due to the low levels of intraspecific variation in combination with great interspecific variation (Linton et al. 2010) . Particularly in the Hyrcanus Group, sequence divergence between different species members using ITS2 has been reported to average at 0.480 (Fang et al. 2017) , providing a sufficient threshold value for distinguishing species within this group. In the case of An. hyrcanus and An. pseudopictus, taxa nuclear regions examined in both 28S domain-3 and ITS2 revealed no or very low levels (<0,001) of genetic variation (Poncon et al. 2008 , Fang 2017 , in accordance to 28S domain-2 results of the current analysis. Furthermore, low mitochondrial heterogeneity between the two taxa has been observed in COI and COII among the specimens from Camargue (Ponçon et al. 2008 ). In our study, absence of genetic heterogeneity was observed in both mitochondrial genes examined (COI and ND4) among the two taxa in accordance with Azari-Hamidian et al. (2009) Glick (1992) , on account of the apparent absence of hybridization. However, the lack of comparative analyses regarding the morphology of male genitalia or the immature stages of the two taxa support the doubt for their treatment as different taxa (Becker et al. 2010) . Furthermore, intermediate forms have been detected in France and Greece in recent years as well as by Gutsevich (1976) in Russia. Because of the absence of proof that these two taxa constitute different species, Becker et al. (2010) suggested that the European form of pseudopictus should not be treated as a distinct species nor as a subspecies of An. hyrcanus. This is in agreement with our analyses. In particular, the fact that intraspecific genetic distance within An. pseudopictus was equal or greater than interspecific genetic subdivision indicates a clear absence of a barcoding gap in all three examined markers. These inferences fully validate the complete absence of genetic heterogeneity between the two taxa reported in the present investigation. Thus, based on (a) the present analyses of haplotypes from central and southern Europe, Eastern Mediterranean, and Asia, (b) the absence of detailed comparative morphological and bionomical analysis, and (c) previous findings investigating other molecular markers (Ponçon et al. 2008 , Azari-Hamidian et al. 2009 , Fang et al. 2017 , it can be concluded that there is no evidence for considering An. pseudopictus and An. hyrcanus as different species.
There is an ongoing debate on whether we should solely rely on molecular techniques in order to address taxonomical issues. Despite their obvious strengths molecular tools are not flawless. Such flaws involve the debated reliability of the deposited sequences as discussed in Janssen et al. (2017) as well as the suitability of barcode universal markers such as COI for Culicidae (Laurito et al. 2017 ). On the other hand, such techniques could be very useful particularly in elucidating the taxonomic status of species that form complexes, where morphological differences often are difficult to evaluate. In addition, molecular markers are arguably the most powerful tool that we possess for their ability to construct phylogenetic relationships between distant organisms that might not share visible morphological characters. In our view, integrative taxonomy, i.e., the use of several types of characters, including DNA markers, as discussed in Will et al. (2005) , could be a more prolific approach to systematic sciences. However, the establishment of a robust link between morphological and molecular data is crucial for maximizing the reliability of such methodology. The present work aims to further elucidate the taxonomic status of Anopheles hyrcanus and Anopheles pseudopictus nominal forms at least at a molecular level. More characters need to be taken into account in order to definitely solve the controversy.
